A passively Q-switched tunable Yb-doped double-clad fiber laser is demonstrated with graphene epitaxially grown on SiC. The spectral tuning of the Q-switched fiber laser is implemented by rotating a quartz plate filter inside the cavity. The central wavelength of the fiber laser can be continuously tuned from 1038.54 to 1056.22 nm. The maximum pulse energy of 0.65 µJ is obtained at the pump power of 4.08 W, and the corresponding pulse duration and average output power are 1.60 µs and 35 mW, respectively.
Q-switched fiber lasers are of great interest in recent years because of their intensive applications in rang finding, remote sensing, medicine and so on [1−3] . Compared with actively Q-switched fiber lasers, passive ones possess the attractive advantages of simplicity, low cost, flexibility and so on. Passively Q-switched fiber lasers have been demonstrated with different kinds of saturable absorbers, including metal-doped bulk crystals [4, 5] , semiconductor saturable absorber mirrors [6] , carbon nanotubes [7, 8] , and graphene [9−13] . Among of them, graphene has been paid increasing attention since it was obtained in 2004. Unlike conventional semiconductor saturable absorbers, the energy band diagram of graphene has zero band gap and a linear dispersion relation. These unique energy band properties combined with the Pauli blocking principle render graphene a full band saturable absorber [14] , which is extremely suitable for tunable Q-switched/mode-locked lasers. Moreover, graphene has the advantages of ultrafast carrier dynamics, low cost, controllable modulation depth and so on [15] . A number of research groups worldwide have demonstrated applications of graphene as saturable absorbers in pulsed fiber lasers. Graphene Q-switched fiber lasers was demonstrated by Luo et al. in 2010 [16] . To exploit the wideband saturable absorption, passively Q-switched fiber lasers at different wavelengths [17−23] and graphene Q-switched tunable fiber lasers [24−27] were investigated. However, all of the tunable Q-switched fiber lasers based on grapheme were obtained around 1.5 µm.
The common method to implement a compact graphene mode-locked/Q-switched fiber laser system is to sandwich a piece of graphene film between two fiber connectors with a fiber adaptor. However, this method easily leads to the damage of the saturable absorber due to the large thermal deposition in the graphene. In addition, the fabrication of these graphene-based saturable absorbers requires a complex transferring process. Graphene epitaxially grown on SiC provides an alternative solution. Graphene-on-SiC could be inserted in the cavity with the substrate directly without transferring process. In addition, the SiC substrate could also play the role of heat-sink to reduce the thermal effect arisen from the absorbing of the laser during the switching [28] . In 2010, Yu et al. [28] demonstrated a large energy neodymium-doped yttrium aluminum garnet crystal laser Q-switched by graphene grown on SiC. Recently, Men et al. [29] reported a grapene passively Qswitched Nd:YAG ceramic laser at 1123 nm.
In this letter, a wavelength tunable Yb-doped doubleclad fiber laser was demonstrated. Graphene epitaxially grown on SiC was used as the saturable absorber, and a wavelength tuning range of ∼18 nm was obtained.
Graphene used in our experiment was epitaxially grown on SiC. The number of graphene layers was round 10. indicates a low density of defects and high crystallinity of the graphene.
The tunable passively Q-switched fiber laser was constructed in a unidirectional ring cavity configuration depicted in Fig. 2 . The gain medium was a section of 2 m Yb-doped single-mode double-clad fiber. The fiber core/inner-cladding diameters were 10/125 µm. Cladding absorption at 976 nm was about 6.5 dB/m. A fiber coupled diode laser with a central wavelength of 975 nm was used as the pump laser. The pump light was coupled into the gain fiber through a pump/signal combiner. Lens 1 was used to focus the laser light onto the graphenebased saturable absorber. The light was then collimated by lens 2. The saturable absorber could be moved between the two lenses, so that the optimum saturable absorption was obtained. The birefringent quartz plate of 4.09-mm thickness, polarization beam splitter (PBS), and the polarization-dependent isolator (ISO) are served as a filter. Figure 2(b) gives the transmission curve of the filter. There are three transmission peak wavelengths within 1020∼1080 nm. The bandwidth and the free spectral range around 1050 nm were about 10 and 18 nm, respectively. A remarkable feature of the present fiber laser was that the output light was linearly polarized, which was essential to most laser nonlinear frequency shifting applications, such as frequency doubling and optical parametric oscillation [30] . An optical spectrum analyzer (OSA, ADVANTEST, Q8344A) and an oscilloscope (Tektronix, TDS 7104) were used to measure the spectrum and pulse trains of the Q-switched laser.
Stable Q-switched pulse train was obtained when pump power increased to 2.24 W. Figure 3(a) shows a typical Q-switching state of the fiber laser at the pump power of 2.75 W. The repetition rate was 36.6 kHz and the pulse duration was 2.12 µs, which was comparable to the results of graphene Q-switched fiber lasers reported recently [10, 11] . The pulse amplitude modulation on the Q-switched pulse envelope was obvious, which was considered to be the result of self-mode-locking effect. A shorter cavity design along with a narrower bandwidth filter could reduce the oscillating longitudinal modes which would in turn suppress the self-mode-locking effect [12] . Figure 3(b) is the optical spectrum of the Q-switched pulses. The central wavelength was 1047.41 nm, and the 3-dB bandwidth was 0.88 nm. There were three side peaks at 1030.3, 1052, and 1066.7 nm. Side peaks at 1030.3 and 1066.7 nm agreed with the transmission peak wavelengths of the filter approximately. No specialized technique was used to suppress the mode competition of the gain fiber. The side peaks could be attributed to the graphene-induced nonlinear fourwave-mixing [17] , which has been verified to be helpful for multiwavelength generation. Figure 4 gives the dependence of the repetition rate and the pulse duration against the pump power. When the pump power increased from 2.24 to 4.08 W, the repetition rate grew monotonously. At the pump power of 4.08 W, the repetition rate reached 53.04 kHz. With the increase of the pump power, the pulse duration dropped exponentially from 3.48 to 1.60 µs. When the pump power was higher than 4.08 W, the Q-switched operation state became unstable. The instability could be attributed to the thermal effect of the graphene considering the fact that when the pump power was increased further, the graphene tended to be damage. Figure 5 presents the average output power and pulse energy as a function of the pump power. With the increase of the pump power, the average output power and pulse energy grew monotonically. At the pump power of 4.08 W, the maximum average output power of 35 mW was obtained. The corresponding pulse energy was 0.65 µJ. The obtained average power and pulse energy were about 3 and 14 times the results obtained in a graphene Q-switched Yb-doped fiber laser [10] . The higher average power and pulse energy resulted from the use of double-clad gain fiber. The slope efficiency was fig. 3(a) is single pulse. Fig. 4 . Pulse repetition rate and pulse duration versus pump power.
021405-2 about 1.4%. One of the key factors responsible for the low slop efficiency might be the high cavity loss results from the free space section. In addition, the low absorption of the pump light caused by the mismatch between the central wavelength of the pump light and the peak absorption wavelength of the gain fiber was responsible. With further optimization of the laser cavity and the use of wavelength-stabilized pump laser, higher output power and pulse energy could be obtained.
In a passively Q-switched laser cavity, stable Qswitching operation usually requires a narrowband lasing optical spectrum to suppress the mode-locking effect, while stable mode-locking operation needs the phase locking among a large number of longitudinal modes. The bandwidth of the filter was about 10 nm, thus mode-locking operation was expected to be achieved in our laser. However, mode-locking was not achieved even with 4.28-W pump power. At higher pump power, the graphene was damaged. A low loss cavity design combined with a polarization controller might be useful for mode-locking operation.
By rotating the quartz plate, spectral tuning of the Q-switched fiber laser was implemented. Figure 6 gives the spectra of wavelength tunable operation at the pump power of 3.77 W. With the adjustment of the filter, the central wavelength could be continuously tuned from 1038.54 to 1056.22 nm, covering a wavelength range of 17.68 nm. The tuning range was narrower than the gain bandwidth of the Yb-doped fiber, which could be attributed to the narrow free spectral range of the filter. As mentioned above, satellite peaks were obvious due to the multiple pass bands of the filter. The output power, repetition rate and pulse duration changed slightly over the entire wavelength tuning range.
In conclusion, graphene grown on SiC is successfully used to Q-switch a Yb-doped double-clad fiber laser. The performance of the pulse repetition rate, pulse width, output power, and pulse energy is investigated. By rotating the quartz filter, the central wavelength of the fiber laser could be continuously tuned from 1038.54 to 1056.22 nm. The double-clad gain fiber enables the fiber laser to deliver Q-switched pulses with high output power and single pulse energy, and is an encouraging step towards the practical applications of graphene Q-switched Yb-doped fiber lasers. 
